Background: Compared to methicillin-resistant Staphylococcus aureus (MRSA), characteristics of nasal carriage and community-onset infection methicillin-susceptible S. aureus (MSSA) are less well known. No characteristics of MSSA in Taiwan have been reported previously.
Background
Staphylococcus aureus can asymptomatically colonize people in the community and in the healthcare setting. S. aureus is also responsible for a wide spectrum of illnesses, ranging from superficial infection of the skin and soft tissue to life-threatening septicemia, osteomyelitis, endocarditis, and toxic shock syndrome [1] . A few clonal lineages have also been observed among epidemic methicillin-resistant S. aureus (MRSA) isolates [2] . Although successful lineages of epidemic MRSA clones may have an adaptive advantage because of antibiotic resistance, virulence, and gene regulation, the exact mechanism by which these clones successfully circulate in community and healthcare facilities has not been fully elucidated. A previous study found that most MRSA clones arose from successful epidemic methicillin-susceptible S. aureus (MSSA) clones [2] . It would be interesting to have further studies to investigate if successful MSSA clones could be used to predict prevalent strains of MSSA or MRSA infection.
It has been shown that nasal carriage of S. aureus is a major risk factor for subsequent development of community-associated and nosocomial infections [3, 4] . Although the relationship between bacterial virulence determinants and invasive disease has been explored by comparing nasal carriage and disease isolates [5] , most studied isolates were obtained from the healthcare environment. However, S. aureus isolates obtained from hospital patients may represent nosocomial transmission, and could therefore confound understanding of the intrinsic pathogenesis of specific S. aureus strains. The aim of the present study was to identify differences in lineages, virulence gene prevalence, growth rates and antimicrobial susceptibility between nasal carriage and community-onset infection MSSA.
Methods

Bacterial isolates
Thirty-four community-onset infection MSSA isolates were obtained from patients at two Taiwan medical centers (Tri-Service General Hospital and Kaohsiung Medical University Hospital) during a four-month collection period in 2006. A total of 100 nasal carriage MSSA isolates were available from our previous study [6] . The 34 community-onset infections were classified as community-associated infection or healthcare-associated community-onset infection according to the definition of Klevens et al. [7] . The criteria used to classify communityassociated infection and healthcare-associated community-onset infection are as follows:
1. Community-associated infection: No permanent indwelling catheters or medical devices that pass through the skin into the body and no medical history in the past year of hospitalization, admission to nursing home or nursing facility or hospice.
Isolates from the specimens should be obtained within 48 hours after admission to hospital. 2. Healthcare-associated community-onset infection:
Patient with medical history of hospitalization, admission to nursing home or nursing facility or hospice in the past year. Isolates from the specimens should also be obtained within 48 hours after admission to hospital.
Pulsed-field gel electrophoresis (PFGE)
Staphylococcal genomic DNA typing was performed using PFGE by SmaI digestion, as previously described [8] . PFGE clusters were assigned to isolate clusters having 80% or higher similarity from the dendrogram based on Dice's coefficients [8] ; genetic relatedness was also assessed by visual inspection of fragment differences [9] . Analysis of isolate similarity was also performed, using a cut-off value of 70%.
spa types, multi-locus sequence typing (MLST), agr specificity groups, and virulence genes
We used PCR to molecularly characterize isolates by spa type, multi-locus sequence typing (MLST), agr specificity group, and virulence genes. S. aureus DNA was extracted using a DNeasy Tissue Kit (Qiagen Inc., Valencia, USA), following the manufacturer's instructions with a slight modification. An additional step was added just prior to proteinase K digestion: incubation with 5 μL of 5 mg/mL lysostaphin at 37°C for 30 min to 1 h until the cell suspension became clear. spa typing and the Based Upon Repeat Pattern (BURP) algorithm were performed using Ridom StaphType software (version 1.5; Ridom GmbH, Würzburg, Germany). Two clustering parameters were applied to BURP clusters, spa-clonal complexes (CCs), using dialog: "exclude spa types that are shorter than 5 repeats" and "spa types are clustered if cost is less or equal 4" [10, 11] . The cost "6" parameter was also used as discussed by Strommenger et al. [12] . The cost matrix for distances of strains between spa types was also produced using the StaphType software, and the phylogenetic tree was conducted using MEGA version 5 by the neighbor-joining method [13] . The spa repeat region was amplified and sequenced using primers spa-1113f and spa-1514r, according to the manufacturer's instructions.
MLST was performed as described previously on selected isolates of major PFGE clusters and all infection isolates [14] . Sequence type (ST) was assigned based on sequence allelic profiles using the MLST database website (http://www.mlst.net) [14] .
agr specificity groups were determined by multiplex PCR as described by Lina et al. [15] . Non-typable strains were determined by agrD sequencing, which encodes the autoinducing peptide (AIP) precursor [16] .
Virulence toxin genes for sea-e, seg-j, sem-o, tst, eta, etb, lukE-lukD, hla, hlb, hld, hlg, and hlg-2 were detected as described by Jarraud et al. [17] . Other bacterial adhesion genes, including fnbA, cna, sdrC, sdrD, sdrE, bbp, and icaA, were detected as described by Peacock et al. [5] . Sequences specific for Panton-Valentine leukocidin (PVL) genes (lukS-lukF) were detected as described previously [18] .
Bacterial growth rate
A colorimetric microplate assay was used to assess doubling time of representative clonal lineage strains [19, 20] . Isolates were grown overnight in Tryptic Soy Broth (TSB), diluted 100-fold, then grown for an additional 2 h. Samples were washed twice with phosphate-buffered saline (PBS), then the pellet was re-suspended in TSB to a concentration of approximately 10 9 CFU/ mL. Serial ten-fold dilutions were made to 10 8 to 10 4 CFU/mL with TSB. One hundred microliters of each dilution were plated in triplicate on microplates, and TSB without cells served as a control. Then 20 μL of CellTiter-Blue W reagent (Promega Corp., Madison, USA) were added to each well, and the cells were incubated at 37°C. The absorbance was recorded every 30 min until each dilution of cells reached maximum absorbance (OD at 570 nm and 600 nm as reference wavelengths). The doubling time was calculated as previously described [19] .
Antibiotic susceptibility testing
Susceptibilities were determined based on minimum inhibitory concentrations obtained from broth micro-dilution following the guidelines of the Clinical and Laboratory Standards Institute [21] , using Sensititre custom-designed plates (Trek Diagnostics, West Essex, England).
Clinical data and statistical analysis
The study was performed with approval from the Institutional Review Board of Kaohsiung Medical University Hospital (KMUH-IRB-990139). Data for cases with MSSA nasal carriage were obtained following written informed consent [6] . Differences in frequencies and proportions were tested using the chi-square (χ 2 ) test with Yates' correction or Fisher's exact test, as appropriate. A P value of less than 0.05 was considered significant. To compare virulence gene profiles, factors associated with infection at P values less than 0.01 were further studied using a logistical regression model to calculate the odd ratios (ORs) and 99% confidence intervals (CIs).
Results
Genetic profiling of nasal carriage and community-onset infection isolates
Molecular typing results, including PFGE, spa typing and MLST are presented in Figure 1 . A total of 18 distinct PFGE clusters were found among 134 isolates, based on an 80% similarity cut-off value (approximately equivalent to less than or equal to six PFGE fragment differences). Thirty-nine spa types, including 7 new ones, were identified; two isolates were non-typable. Grouping by BURP, these spa types were clustered into 8 spa-CCs and 12 singletons. Four of eight spa-CCs had designated group founders: spa-CC c1:t116/t015, c2: t437/t441, c3:t338, and c4:t3400. Seven isolates with fewer than five repeats were excluded from clustering because their spa types may provide unreliable evolutionary information [11] . Although our results showed a high concordance among spa typing, MLST and PFGE, PFGE cluster C contained many spa types and STs. Four spa types (t701, t091, t213 and t160) and three STs (ST6, ST7 and ST12) were found in PFGE cluster C. These STs were distinct from one another and belonged to different clonal complexes (CCs). Because some MLST STs may be grouped in specific PFGE clusters, clonal lineages were described according to the combination of PFGE cluster and CC (PFGE cluster:CC) in the study (Figure 1 ).
S. aureus infections and clinical characteristics
The 34 community-onset infection MSSA isolates were classified as 24 community-associated isolates and 10 healthcare-associated community-onset isolates (Table 1) . There were no significant differences between clinical manifestations caused by community-associated and healthcare-associated community-onset isolates. There were no associations between clonal lineages and disease manifestations. All STs of healthcare-associated community-onset isolates were also identified in communityassociated isolates (Table 1) . Therefore, all 34 MSSA infection isolates were grouped together for analysis.
Distribution of clonal lineages among nasal carriage and infection isolates
Although PFGE cluster C contained three different CCs (CC6, CC7 and CC12), isolates from this PFGE cluster were significantly more prevalent in infection than carriage isolates (32% vs. 6%, P < 0.01). An intriguing observation was that, using a 70% similarity cut-off value for cluster analysis (approximately equivalent to less than or equal to eight PFGE fragment differences) resulted in most infection isolates being grouped into one major cluster (including PFGE clusters B, C, D and E), with 68% of infection isolates and 17% of carriage isolates (P < 0.01). Carriage isolates were more diverse than infection isolates ( Figure 1 ). The major infection isolates cluster contained several clonal lineages, including B:1, B:6, C:6, C:7, C:12, BURP analysis of spa types showed a similar phenomenon to the PFGE clusters result. In an attempt to cluster more spa types in spa-CCs, we tried to adjust the cost to 6 for clustering more spa types in the BURP group; only spa-CC 267/359 could be grouped together among the major infection isolates. However, as indicated by the circle in Figure 2 , the major infection PFGE cluster had closely related spa types by BURP analysis, with most infection PFGE clusters grouped together (except CC6).
agr specificity groups and virulence gene profiles agr group I was the most common agr type for both nasal carriage (65%) and infection (74%) isolates, followed by agr group II for infection isolates (21%) and agr group IV for nasal carriage isolates (18%).
Among 30 virulence genes, only the LukE-LukD leukotoxin (lukE-lukD) and gamma variant hemolysin (hlg-2) genes were significantly more prevalent in infection isolates than in nasal carriage isolates (Table 2 ). In contrast, seven virulence genes were significantly more common in nasal carriage isolates than in infection isolates. Five of these seven virulence genes were staphylococcal enterotoxin genes (seg, sei, sem, sen, and seo), which reside at the enterotoxin gene cluster (egc) locus. Two other virulence genes found were tst and hlg, which encode toxic shock syndrome toxin 1 (TSST-1) and gamma-hemolysin, respectively. Although these were all community isolates, PVL toxin genes (lukS-lukF) were uncommonly detected in nasal carriage (7%) and infection (8.8%) isolates (P=0.727).
Bacterial growth rate
Doubling time was calculated to determine bacterial growth rates for all infection isolates and representative nasal carriage isolates (one was randomly selected from each nasal carriage clonal lineage). The mean doubling times for nasal carriage isolates were significantly higher compared to infection isolates (55.3 ± 8.1 vs. 37.9 ± 1.2 minutes, P < 0.01). Of 30 virulence genes, only egc Figure 2 Phylogenetic tree of the spa types was constructed by using MEGA version 5. The tree was produced based on the cost matrix for the distances of spa types. The cost "6" parameter for the BURP clustering was used in this figure. The circle indicates the major infection PFGE cluster. spa-CCs and the represented ST (CC) are indicated. NF (no founder) indicates clusters without group founders.
enterotoxin genes were associated with significantly higher growth rates (P < 0.01).
Antibiotic resistance profiles
Antimicrobial resistance profiles were similar among the two groups of isolates. However, erythromycin resistance was found for 46% of nasal carriage isolates versus only 9% of infection isolates (P < 0.01) ( Table 3) .
Discussion
Compared to previous MRSA clone studies in Taiwan, which showed only four major infection isolate clones (ST239, ST59, ST241 and ST5) [22, 23] , our study revealed more heterogeneous MSSA lineages. The major PFGE cluster of MSSA infection isolates included ST1, ST6, ST7, ST12, ST188, and ST97. However, these STs have not been reported in MRSA isolates in Taiwan [22, 23] , indicating that most MSSA lineages have a different genetic background compared to MRSA lineages. Additionally, these MSSA STs differ from the most prevalent S. aureus STs worldwide [24] . Interestingly, the only ST common to MSSA and MRSA [22, 23] in Taiwan is ST59, the representative community-associated MRSA clone [25] . Our findings are consistent with those from several other countries, suggesting that MRSA probably originated from MSSA clones through SCCmec transfer [26] . These results, plus findings from a world-wide MRSA collection study, point to MRSA evolution in relatively few lineages [2] , which allowed some successful clones to cause disease or spread. Although not all published studies have shown clonal differences between nasal carriage and infection isolates [27] , our study revealed clonal differences in MSSA infection and nasal carriage isolates. MSSA infection isolates' distinctive lineages and erythromycin susceptibility, as well as faster growth rates, support the clones' uniqueness to cause community-onset MSSA infection.
Our finding that STs and clinical manifestations did not differ between community-associated and healthcareassociated community-onset isolates is consistent with Peacock et al.'s findings [5] . That team found little difference between strains associated with disease in both community and hospital settings, and suggested that bacterial factors play a role in determining invasive disease. In the present study, PFGE cluster D: CC1 (ST188) was the predominant clone in the community-onset MSSA infections. Our previous study also showed that this clone predominated among MSSA isolates from inpatients in a 2002 collection from four hospitals located in the north, middle, south, and east regions of Taiwan [16] . These results indicated that the epidemiology of MSSA infection isolates did not change much between these two periods, with no difference noted in either community or hospital settings. Using PFGE or BURP analysis of spa types, we identified a few lineages likely to cause infection. Most of these representative CCs have been described previously as "group violations", with the highest degree of misclassification between BURP groups and clonal lineages [12, 28] . However, these isolates may have clinical relevance because of their close relationship with severe community-associated infection strains in humans (MSSA476 and MW2 (USA400)) and ocular conjunctival infection in rabbits (UMCR1). All of these isolates belong to CC1 [29] [30] [31] , and their high virulence has been shown in animal models [30, 32] .
To clarify the difference between the nasal carriage isolates and infection isolates, we also compared the virulence gene profiles and growth rates among isolates. Infection isolates grew faster than carriage isolates. This difference suggests that infection isolates have better proliferation ability to outcompete other clones in the host. Additionally, the LukE-LukD leukotoxin (lukElukD) and gamma variant hemolysin (hlg-2) genes were more prevalent in infection isolates. Although seven virulence genes (egc enterotoxin genes, tst and hlg) were more prevalent in nasal carriage isolates, only isolates with egc enterotoxin genes were associated with slower growth rates (P < 0.01). It is possible that egc enterotoxin genes pose a fitness burden to the strains, resulting in slowed growth rates. The egc enterotoxin genes have been observed to have low-level production and weak virulence effects [33] [34] [35] . Our results reveal an epidemiologic relationship between egc enterotoxin genes and growth rate; however, the cause-effect relationship cannot be established in this study. It has been reported that virulence gene profiles are strongly linked with S. aureus clonal lineages [17] . Our nasal carriage isolates have uncommon STs, with most possessing the egc enterotoxin genes. Previous studies also showed such an epidemiological phenomenon in nasal carriage isolates [5, 36] . However, the role of the egc enterotoxin genes in nasal carriage isolates is not yet understood. The reason why our nasal carriage isolates have higher erythromycin resistance rates compared to community-onset infection isolates is also unclear.
Although the PVL genes have been considered a marker for community-acquired MRSA [37] , we did not find that PVL presence was associated with community-onset MSSA infections. Goering et al. also failed to find this PVL association in a recent study [24] .
agr, a global virulence gene regulator of S. aureus, is strongly linked with clonal lineages and some disease syndromes [17] . agr group I isolates were prevalent in our study, as in a previous study [38] . A similar distribution of agr group I was observed among nasal carriage (65%) and infection isolates (74%). agr types and PVL toxin genes were not useful in predicting infection MSSA isolates in the community setting.
Though only 34 infection isolates were analyzed, these isolates originated from two medical centers over a fourmonth period. The low MSSA isolate numbers result from a high rate of methicillin resistance among S. aureus in Taiwan during the study period [6, 22] . Also, only community-onset MSSA isolates were collected for the present study.
Conclusions
Our study presents genetic differences between nasal carriage and infection MSSA isolates from a community setting in Taiwan. The major MSSA infection isolates collected were closely related to the virulent clonal complex CC1. In addition to the difference in clonal lineages between nasal carriage and infection isolates, nasal carriage isolates more frequently possessed egc, tst and hlg genes, were more resistant to erythromycin, and had slower growth rates.
